discrimination is defined by the absence of cross-satuWe propose that AWC odorant signaling pathways are ration between two odorants in this short-term assay. insulated to permit odor discrimination.
al., 1998). This rapid change is accompanied by a recepopen reading frame encoding a transmembrane guanylyl tor-specific desensitization by phosphorylation of lightcyclase (tGC). A fragment of the cosmid R01E6 conisomerized receptors. Vertebrate olfaction is also regu-
taining only the open reading frame for the tGC rescues lated at the level of the second messenger pathway.
the AWC-mediated chemotaxis defects of odr-1 muThe second messenger cAMP opens a cyclic nucleotidetants, indicating that the tGC encodes odr-1 (Experimengated channel, leading to depolarization and calcium tal Procedures; Figure 3 ). All alleles of odr-1 had mutaentry that downregulates channel activity via calmodulin tions within the predicted open reading frame of the tGC (Liu et al., 1994; Brunet et al., 1996) . A heterologous ( Figure 1A ). regulatory pathway might be expected to downregulate
We generated a full-length cDNA for odr-1 by RTall odorant responses in AWC rather than to cause the PCR. Its coding region of 1016 amino acids differed odorant-specific changes that are observed in adaptafrom the predicted coding sequence of R01E6.1 by the tion and saturation.
absence of two predicted exons at the 5Ј end (Figure odr-1 is required for chemotaxis to all AWC-sensed 1A; C. elegans Genome Sequencing Consortium, 1998). odorants (Bargmann et al., 1993) . We show here that RO1E6.1 has also been named gcy-10 as part of a genodr-1 encodes a transmembrane guanylyl cyclase, coneral analysis of guanylyl cyclase genes ( , but other tGCs such as the retinal GCs are defects in odorant discrimination. Unlike the adaptation not known to be regulated by extracellular ligands. When defect, the discrimination defects require ODR-1 to prophosphorylated, the kinase-like domain is thought to duce cGMP. Our results suggest that in C. elegans, negatively regulate cyclase activity (Chinkers and Gardifferent odorants that share common signaling molebers, 1989). The kinase-like domain is also partially responcules can nonetheless achieve discrimination through sible for interacting with guanylyl cyclase-activating proodorant-specific regulatory pathways. teins (GCAPs), cytoplasmic calcium-binding proteins that regulate the retinal GCs (Laura and Hurley, 1998). The key residues that specify GTP binding (Tucker et  Results al., 1998) are present in the catalytic domain of ODR-1 (green letters in Figure 1A ), suggesting that it is most The Transmembrane Guanylyl Cyclase ODR-1 likely a guanylyl cyclase and not an adenylyl cyclase.
Is Required for Olfaction in C. elegans
However, the catalytic domain of ODR-1 is as divergent Four alleles of odr-1-n1930, n1933, n1936, and ky29-from other mammalian and C. elegans guanylyl cyclases have been isolated in genetic screens for animals defecas it is from the C. elegans adenylyl cyclase on cosmid tive in chemotaxis to AWC-sensed odorants (Bargmann F17C8 ( Figure 1B ). Its closest relative is another C. eleet al., 1993; P. Sengupta and C. I. B., unpublished data).
gans tGC, on cosmid C06A12, which shares 72% amino odr-1 mutants are defective in chemotaxis to all AWCacid identity over 533 amino acids representing the kisensed odorants but exhibit normal chemotaxis to atnase-like and the cyclase domains. The extracellular tractive odors sensed by the AWA olfactory neurons domain of ODR-1 is not significantly related to the extra-(Bargmann et al., 1993). All four odr-1 alleles are recescellular domains of other C. elegans cyclases or other sive. odr-1 was mapped to a small region on the X chromosome between unc-9 and unc-3 that included an known genes.
indicated below the sequence. Green residues within the cyclase domain are homologus to residues in RetGC-1 that bind GTP (Tucker et al., 1998 ). An engineered putative loss-of-function in the catalytic domain converts glutamic acid residue 874 to an alanine (Figure 3 ). Carets denote splice sites. (B) Phylogenetic tree of cyclases. The catalytic domain of the vertebrate retinal cyclase Ret-GC1 was the anchor. The sequences of the C. elegans GCs (gene name or GenBank cosmid designation in italics), the vertebrate receptor GCs, GC-A (atrial natriuretic peptide receptor), GC-G (guanylin receptor), and the olfactory guanylyl cyclase GC-D were compared using Clustal W and Blocks alignment programs, and the tree was constructed using Phylip. Colors indicate the percent identity in the catalytic domain with Ret-GC1. Red ϭ 100%-80% identity, orange ϭ 80%-70%, yellow ϭ 70%-60%, green ϭ 60%-50%, blue ϭ 50%-40%, purple ϭ 40%-30%. (C) Expression analysis and mutagenesis of odr-1. Top, ODR-1 domain structure with percent identity between the cyclase domain of ODR-1 and the cyclase domains of murine Ret-GC1, C. elegans DAF-11, C. elegans soluble GC (C06B3), and C. elegans adenylyl cyclase (F17C6) indicated. ⌬ECD, genomic odr-1 subclone, extracellular domain and transmembrane domains replaced with the transmembrane domain of RGC-A (purple box). E874A, genomic subclone of odr-1 with a point mutation engineered into the cyclase domain. Both constructs contain 5 kb upstream of the start site. R01E6.1 SC is the full-length rescuing subclone containing only odr-1 sequences. odr-1p::GFP is 2.4 kb of odr-1 promoter driving GFP (green box), while ODR-1::GFP is 3 kb of odr-1 promoter driving genomic odr-1 fused to GFP. Shading of exons corresponds to domains in the schematic diagram of ODR-1. Figure 1C) Figure 4D ). To explore the regulation of olfactory signaling through ODR-1, high-copy transgenes of the wild-type genomic clone were introduced into an odr-1(n1936) mutant, ODR-1(OE). The resulting lines of transgenic worms overexpressed ODR-1 as assessed by immunohistochemistry ( Figure 2C ). These mutants were rescued for chemotaxis to AWC odorants ( Figure 4A ). ODR-1(OE) lines were tested for their ability to adapt to AWC-sensed odorants by incubating animals with each AWC-sensed odorant for an hour and then challenging them with a gradient of the same odorant. The strains that overexpressed ODR-1 failed to adapt after exposure to butanone, while adaptation to benzaldehyde or isoamyl alcohol was normal ( Figure 4A ). Thus, overexpression of ODR-1 reveals a special function for this protein in regulating adaptation to one AWC-sensed odorant, butanone. To test the concentration depen- sensed odorant is present at a high concentration. This Four independent transgenic strains expressing ODR-1 behavior is likely to be critical for tracking odors in a E874A failed to respond appreciably to isoamyl alcohol, complex natural environment. Odor discrimination is butanone, or benzaldehyde (Figure 3) . ␣ODR-1 antibodtested in a saturation assay, where chemotaxis reies stained the AWC cilia in these transgenic strains, sponses to a test odorant are examined in the presence indicating that ODR-1 E874A was expressed in the corof a uniform field of a second saturating odorant (Bargrect location (data not shown). When an ODR-1 E874A mann et al., 1993; Figure 5A ). A saturating odorant contransgene was introduced into the wild-type N2 strain, centration is the amount of odorant that, when present the resulting animals were normal in their chemotaxis uniformly in the assay plate, will block chemotaxis to a response to AWC-sensed odorants ( Figure 4B) the saturating odorant on discrimination, we varied the 5D). Therefore, the defects in odor discrimination and adaptation are not a consequence of increased butaamount of butanone and benzaldehyde added to the plate. ODR-1(OE) animals were hypersensitive to crossnone sensitivity or decreased benzaldehyde responses. To determine whether cGMP production was required saturation by butanone at a range of concentrations. By contrast, ODR-1(OE) animals were normal or slightly for the saturation defect, the ODR-1 E874A protein that is predicted to lack guanylyl cyclase activity was overexresistant to cross-saturation by benzaldehyde ( Figure  5E ). This result reveals a specific defect in discrimination pressed in the wild-type genetic background. Odor discrimination was normal in ODR-1 E874A(OE) strains (Figthat depends on the saturating odor. The discrimination defect is also specific to the test odorant: ODR-1(OE) ure 5C). Antibody staining confirmed that this protein was expressed at the same level as was present in the animals in saturating butanone responded normally to a point source of the AWC-sensed odorant 2,3-penwild-type ODR-1(OE) strain. This result suggests that the discrimination defect caused by ODR-1 overexpression tanedione (data not shown). This result indicates that butanone signaling does not interfere with all AWC funcrequires excess cGMP production, unlike the adaptation defect that did not require a normal guanylyl cyclase tions when ODR-1 is overexpressed.
ODR-1 Is Expressed in a Subset of Chemosensory
One possible model for the discrimination effect is domain.
The effects of the ODR-1 E874A protein suggested that overexpression of ODR-1 leads to strong enhancement of butanone responses, thereby masking other that butanone adaptation and discrimination reflect separate functions of ODR-1. We also tested adaptation and odorant responses. To test this possibility, we examined the sensitivity of wild-type and ODR-1(OE) strains to discrimination with another mutant that fails to adapt to butanone and is wild type for adaptation to benzaldebutanone. Sensitivity to butanone was slightly reduced upon overexpression of ODR-1, excluding the enhyde, osm-9 (Colbert and Bargmann, 1995). osm-9 animals were normal in their ability to discriminate between hanced-signaling model, and sensitivity to benzaldehyde was equivalent between the two strains (Figure a saturating amount of butanone and a point source of 
in [B]). The adaptation-defective mutant osm-9 does not impair bu/bz discrimination (7 and 8). (D) Overexpression of ODR-1 does not increase sensitivity to butanone or decrease sensitivity to benzaldehyde. Wild-type animals or ODR-1(OE) animals were tested for chemotaxis to different concentrations of bu and bz. (E)
The amount of saturating odorant was increased to amounts that yielded cross-saturation in wild-type animals. ODR-1(OE) was more sensitive than wild-type across a range of butanone concentrations but was either equivalent to wild type or slightly resistant to benzaldehyde cross-saturation. Assays were performed on at least four separate days with Ͼ100 animals per assay.
benzaldehyde ( Figure 5C ., 1998) , whereas other odor responses in in AWC olfaction or development. The surprisingly large AWC are mediated by ODR-3 but not by GPA-2. Thus, number of guanylyl cyclases in the C. elegans genome a gpa-2 mutation reduces the intensity of the butanone may include some that bind extracellular ligands. Alterresponse without eliminating it or diminishing the renatively, the other cyclases may have specific regulatory sponse to other odorants. This observation provided functions in adaptation and discrimination related to the opportunity to ask whether the discrimination dethose we discovered by overexpressing ODR-1. fects were caused by excessive butanone signaling downstream of the G␣ proteins.
gpa-2 mutations suppressed the discrimination deOverexpression of ODR-1 Alters Odor Discrimination fects in animals overexpressing ODR-1. odr-1(OE) gpa-2 and Adaptation strains were able to respond to benzaldehyde in the Overexpression of signal transduction proteins can presence or absence of a saturating field of butanone sometimes yield information about the regulation of sig-( Figure 5C ). This result suggests that the effect of ODR-1 naling pathways. We found that overexpression of overexpression is mediated through hyperactivation of ODR-1 caused defects in discrimination between odorthe normal butanone signaling pathway and the G␣ proants sensed by the AWC neurons. Chemotaxis to the tein GPA-2. odorants benzaldehyde, isoamyl alcohol, and butanone was normal in these strains under standard conditions. However, when butanone was present at a high concenDiscussion tration, the ODR-1-overexpressing strain was unable to detect a gradient of isoamyl alcohol or benzaldehyde.
ODR-1 Encodes a Predicted Guanylyl Cyclase Used in AWC Olfaction
ODR-1 overexpression allowed normal chemotaxis to occur, but it made the system less robust in a complex odr-1, a gene required for the olfactory function of the AWC and AWB sensory neurons, encodes a transmemsensory environment. Similar results have been described in bacterial chemotaxis, where overexpression brane guanylyl cyclase. Previous studies of the cyclic nucleotide-gated channel encoded by tax-4 and tax-2 of signaling components spares chemotaxis but changes the kinetics of the adaptation response (Alon et al., suggested that C. elegans olfaction requires the second messenger cGMP (Komatsu et al., 1999) . ODR-1 is likely 1999). Under normal circumstances, odor discrimination to be a source of cGMP during olfactory signaling. ODR-1 is present in the olfactory cilia where odor detecprobably arises from a transient, specific downregulation of one odorant response when that odorant is prestion occurs, and its catalytic guanylyl cyclase domain is necessary for olfaction. In addition, overexpression ent at saturating concentrations. This negative regulation allows a second gradient to be detected when one of ODR-1 causes a specific misregulation of olfactory signaling.
response is saturated. Excessive signaling from butanone can interfere with the other odorant signaling pathThe catalytic domain of ODR-1 is unusual among guanylyl cyclases; its sequence is almost as distant from ways in an ODR-1-overexpressing strain. These effects of ODR-1 overexpression required an intact catalytic the canonical retinal guanylyl cyclase as the adenylyl cyclase sequence. However, ODR-1 has several key resguanylyl cyclase domain, suggesting that the overexpressed ODR-1 protein is not acting through a domiidues that are essential for binding GTP rather than ATP (Tucker et al., 1998) , suggesting that it does act as a nant-negative effect on other proteins in the cilia but through the second messenger cGMP. guanylyl cyclase. Moreover, ODR-1 contains all catalytic residues essential for cyclase activity, and a specific The discrimination defect caused by ODR-1 overexpression was unidirectional: high concentrations of mutation at one of these residues disrupts odr-1 function.
benzaldehyde or isoamyl alcohol did not affect the butanone response. This result suggests that the shared Some transmembrane guanylyl cyclases are activated by binding extracellular ligands, while other tGCs are ODR-1 protein responds differently to benzaldehyde and isoamyl alcohol signals than to butanone signals, regulated by the Ca 2ϩ -binding protein GCAP (Sokal et al., 1999). We found that the extracellular domain of even though normal responses to all odorants require the ODR-1 cyclase, the TAX-2/TAX-4 channel, and the ODR-1 was dispensable for its olfactory function. Thus, ODR-1 does not act as the only receptor for odorants ODR-3 G␣ subunit. Butanone signaling is unique in AWC in its dependence on the G␣ protein GPA-2, and the sensed by AWC, and its activity does not require binding to an extracellular ligand. The odorant receptors are effects of ODR-1 overexpression required GPA-2 function. The gpa-2 mutation may rescue discrimination by probably G protein-coupled receptors that utilize ODR-1 added to the plates for cross-saturation are 10 l benzaldehyde/l The following strains were used: wild-type strain N2, odr-1(ky29)X, of agar, 7 l of isoamyl alcohol/l, and 110 l of butanone/l. odr-1(n1930)X, odr-1(n1933)X, odr-1(n1936)X, gpa-2(pk16)V, osm-9(ky10)IV, odr-1(n1936) lin-15(n765)X, odr-1(n1936) lin-15(n765)X, Acknowledgments odr-1(n1930) lin-15(n765)X, odr-1(ky29) lin-15(n765)X.
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